The purpose of this study was to evaluate neuropsychological and adaptive functioning of children who have undergone bone marrow transplantation (BMT) without previous cranial irradiation. In total, 76 children treated for an extracranial tumor with BMT without total body irradiation (TBI) were evaluated at least 5 years after the end of the treatment.Overall, their performance and skills were in the normal range and their professional and academic outcomes were satisfactory. Nevertheless, we observed a deleterious effect of deafness on verbal IQ associated with the previous administration of cisplatin during conventional chemotherapy. In addition, reading difficulties had arisen. This could be related to absence from kindergarten or primary school during hospitalization. Finally, in the younger subgroup, visual-perceptual skills were found to be more fragile.
cranial solid tumor
During the past two decades, better use of high-dose chemotherapy and better management of supportive care for early post-transplantation complications has led to an increase in the number of children undergoing bone marrow transplantation (BMT) for a malignant tumor. This has contributed favorably to higher survival rates for children with leukemia and solid tumors who previously failed to respond to conventional therapy.
However, high-dose conditioning regimens involving total body irradiation (TBI) and/or chemotherapy are potentially neurotoxic and may give rise to physical and neuropsychological sequelae in young recipients over time. Several studies have reported declines in cognition and academic functioning [1] [2] [3] [4] especially among children treated under the age of 3 years when TBI is included in conditioning regimens. 4 Intrathecal (IT) chemotherapy, such as IT methotrexate or cytosine arabinoside may also generate cognitive deficits. [5] [6] [7] Furthermore, systemic chemotherapy may have a deleterious effect on neuropsychological functioning. Some studies have reported diffuse brain atrophy 8 or intellectual declines associated with IV cytotoxic agents [9] [10] [11] such as cisplatin. 7 Indeed, the potential neurotoxicity of notably busulfan, BCNU, thiotepa melphalan is well known. 12 In addition, patients experience prolonged hospitalization that leads to isolation and extended absence from school stimulation. This may have repercussions on school achievement, sapping motivation, provoking anxiety and depression, all of which may engender cognitive difficulties.
In contrast, several other studies have not demonstrated declines in cognitive functioning. [13] [14] [15] [16] [17] [18] All these conflicting findings may stem from differences in protocols, patient age at BMT, duration of post-BMT follow-up and small sample sizes.
Long-term sequelae following TBI have been described extensively, but the impact of high-dose chemotherapy remains unclear. Previous reports on high-dose therapy with BMT support have not permitted definitive conclusions regarding neuropsychological sequelae after this modality. The main objective of the present study was to determine whether high-dose chemotherapy alone may be instrumental in causing cognitive deficits. A prospective design was used to assess the neuropsychological outcome in a large cohort of children previously treated with BMT without TBI. Neuropsychological evaluation was necessary to evaluate sequelae and autonomy in long-term survivors and to appraise their intellectual development and adaptation to the social and professional environment.
Patients and methods

Patients
The patient population included children with a malignant tumor who had received high-dose chemotherapy with autologous BMT support in the Pediatrics Department at the Institut Gustave Roussy (IGR), Villejuif, France between 1981 and 1995 (Table 1) .
Inclusion criteria were as follows: continuous complete remission 5 years or more after BMT for an extracranial solid tumor, a BMT conditioning regimen consisting of high-dose chemotherapy without either TBI or supratentorial cranial irradiation, no sign of mental retardation, developmental delay, or psychosis prior to diagnosis, the use of French as their primary language.
A total of 142 patients were initially selected. Of these, 27 were subsequently excluded from the study because they were living abroad. A letter was sent to the remaining 115 eligible patients or their parents (if they were under age) in order to present the purpose of the study and to ask them to give us their consent. In total, 76 patients agreed to participate and were evaluated. Table 1 summarizes the major characteristics of the study population. There were 37 male and 39 females. Median age at the time of BMT was 4.5 years (range 10 months-22 years) and at neuropsychological examination, 15.7 years (range 6.5-32). The median interval between transplantation and neuropsychological examination was 9.1 years (range 5-19.3 years). The diagnosis was neuroblastoma in 46 patients, Ewing's sarcoma in 10 patients and another tumor type in 20 patients.
Educational level of the parent(s) was classified into seven categories (from illiterate to more than 4 years of university education). Table 1 shows the mean educational level for fathers and mothers.
Treatment
All patients had received a conventional combination chemotherapy regimen plus local treatment according to the nature of the disease. Surgical excision had been performed as local treatment of the primary extracranial tumor in 66/76 patients. In total, 22 children had received extracranial radiotherapy to the tumor bed including lumbar vertebrae (21) or to the tumor bed including cervical vertebrae (1) . Subsequently, all patients had received high-dose chemotherapy with BMT support. Table 2 shows the conditioning regimens used by tumor type. In summary, 39 patients received busulfan-, 4 thiotepa-, 17 BCNU-containing regimens. Nine subjects had undergone BMT twice.
Evaluation procedure Cognitive and academic skills were evaluated in all children with a battery of test instruments designed for that purpose, in the hospital setting.
Global functioning Subjects under the age of 7 years were administered the French Adaptation of the Wechsler Preschool and Primary Scale of Intelligence-Revised (WPPSI-R). The French adaptation of the Wechsler Intelligence Scale for Children -third edition -(WISC-III) was used to evaluate children between 7 and 17 years and the French adaptation of the Wechsler Adult Intelligence Scale -third edition -(WAIS-III) was used to evaluate for adolescents over 17 years and adults. [19] [20] [21] Standard and IQ scores for these tests are comparable because they are based on similar scales (mean ¼ 100 and s.d. ¼ 15).
Memory Verbal long-term memory was evaluated using a list of 15 unrelated nouns, the Rey auditory verbal learning test (RAVLT), which was used for five trial tests. 22 After each trial test, subjects were asked to recall the nouns. This resulted in a learning score. Delayed recall, 30 min after the last learning trial was also tested and it was divided by the learning score to obtain a forgetting rate. Finally, a recognition task was allocated a recognition memory score. All scores were compared with age-corrected norms. Nonverbal long-term memory was assessed based on delayed reproduction of the Rey-Osterrieth complex geometrical figure, 3 min after having copied it. 23 Visuospatial constructional skills Assessment of visuospatial constructional skills was based on the accurate reproduction of the figure in the Rey complex figure test. 23 Naming Lilia Ghent-embedded figures was used to evaluate visual-perceptual skills as a visual interference task. 24 According to the age-corrected norms, 100% of success (35/35 figures ) must be attained from 5 years of age.
Academic achievement Assessment of academic skills was based on the reading of a complex text, 'L'alouette' by Lefavrais. 25 This factor was analyzed qualitatively by evaluating the duration (in months) of the delay compared to that of the normal age scale. Patients were then classified into three groups: with no reading difficulties, with moderate difficulties (delay: o2 years) or with severe difficulties (delay: at least 2 years). Writing skills were tested using the Borel Maisonny dictated sentence. 26 Writing difficulties were also classified as absent, moderate or severe.
All these tests were performed by a single neuropsychologist to avoid fluctuating results because of different examiners. Most of the tests were timed and a time frame of 2 h was reserved for the entire evaluation. Tests were always performed in the same order.
Information on academic achievement at school and on difficulties before and since diagnosis was noted during a talk with parents and children before tests.
We rated 'absence from school during the treatment' with four scores: never absent from school, absent from school during kindergarten, during primary school or during secondary school, whatever the duration is.
Furthermore, four scores were also designed for the duration of absence from school: 0, 6, 12 or 24 months.
In France, school begins with kindergarten for children aged 3-6 years of age. These classes are not compulsory but enable children to follow instructions, learn handwriting, the alphabet, etc, and 99% of French children attend this class. School is compulsory for children aged 6 to 10-11 years (primary school) after which secondary school is mandatory up to the age of 14-15 years.
We used Brock's classification with three levels of impairment to analyze hearing deficits that were classified as: no hearing deficit, a medium hearing deficit (loss of at least 40 dB, between 8000 and 4000 Hz), major hearing deficit (loss of at least 40 dB, between 2000 and 1000 Hz). 27 
Statistical analysis
Statistical analysis was performed using the SAS software. 28 Univariate analysis (w 2 t-test, Pearson's correlation coefficient) was first performed to test correlation between the cognitive scores and all medical and demographic variables. The specific effect of each variable associated with a given cognitive score was then tested using linear regression models. A P-value of less than 0.05 was considered statistically significant. Figures 1-3 show the distribution of full-scale IQ (FSIQ), verbal IQ (VIQ) and performance IQ (PIQ) scores for study patients compared to the expected values (mean ¼ 100, s.d. ¼ 15). The difference between our results and the expected values was not statistically significant. The majority of patients tested had a normal IQ (ie above 85): 80% of patients for the FSIQ, 74% for the VIQ and 83% for the PIQ. The incidence of IQ scores below 75 (representing intellectual impairment of À1.5 s.d.) was 17% (13 subjects) for the FSIQ, 17% (the same 13 patients who had IQ scores below 75 for the FSIQ) for the VIQ and only 6.6% (five subjects) for PIQ. The mean VIQ tended to be lower than the PIQ (P ¼ 0.07) (paired t-test).
Results
Overall assessment
The educational and professional outcomes of most patients were within the normal range. Among the 50 patients under 18 years of age, only one was in a special education institution for the deaf, and among the 26 adults, only one was unemployed. Three other children were in adapted classes for children with learning difficulties.
Factors related to cognitive and academic performances
Univariate analyses identified four factors that were significantly associated with at least one of the cognitive measures: parents' educational level, auditory deficit and age at BMT, post-BMT interval.
Diagnosis (tumor type), drug combination used in the conditioning regimen, number of BMT and hormonal disturbances (growth hormone deficit, thyroid disturbances) were not significantly associated with the cognitive assessment.
The duration and timing of absence from school because of hospitalization were not linked to cognitive measures, but they were associated with some of the academic measures (see below).
The educational level of the father had no specific effect when the educational level of the mother was partialled out. Consequently, only the mother's educational level was retained in the multivariate analyses. Table 3 shows the specific effect of the mother's educational level, a hearing deficit, age at BMT and the post-BMT interval on each of the cognitive measures. There was a major effect of the mother's educational level on global functioning and this effect was significant for FSIQ, VIQ and PIQ. This effect was also statistically significant (P-values between 0.003 and 0.0001) for the subtests on information, arithmetic, vocabulary, comprehension, digit span, picture completion, code, block design, object assembly, symbols and figure copy. The mother's educational level had a positive effect on both reading and writing performances.
The presence of an auditory deficit of 40 dB or more for frequencies between 1000 and 2000 Hz (the range of language sounds) was significantly correlated with a lower VIQ (P ¼ 0.03) but not with a lower PIQ (P ¼ 0.49). It was also associated (P-values between 0.03 and 0.005) with lower verbal subtests on similitude, vocabulary, comprehension and working memory.
Hearing loss also had an adverse effect on reading performance (P ¼ 0.04). As shown in Table 4 , all subjects with a major hearing deficit had received cisplatin (Po0.001) during conventional chemotherapy. When an auditory deficit was partialled out, cisplatin had no specific effect on any of the cognitive variables. Hearing deficits occurred after a cumulative cisplatin dose of at least Age at BMT had an effect on tasks involving working memory (digit span P ¼ 0.0004, letter-number sequences P ¼ 0.04), but also on verbal memory (list recall P ¼ 0.01, word recognition P ¼ 0.003). The older the child was at BMT, the higher the memory deficit for both memory tests. Conversely, for visual memory (P ¼ 0.02) and for visuospatial skills (figure copy P ¼ 0.02 and embedded figures P ¼ 0.002), the older the child was at BMT, the better the performance achieved. When these items were evaluated according to age at BMT (4 or o3 years of age), the results were similar (better for working memory and verbal memory and worse for visual memory and visuospatial skills) and remained statistically significant. The younger group also had better reading performances than the older group (P ¼ 0.01).
Post-BMT interval also had a significant effect on the whole group. For verbal memory (list recall P ¼ 0.01, word recognition P ¼ 0.02), the longer the interval, the lower the result, whereas for visual memory (P ¼ 0.03) and the embedded figures (P ¼ 0.04), the longer the interval the better the results. Nevertheless, when age at time of neuropsychological evaluation was partialled out, the effects of age at BMT and the post-BMT interval on the different tests were no longer significant in the whole population tested. Conversely, in the subgroup of children who received BMT before 3 years of age, the negative effect on embedded figures and the positive effect on reading performance remained significant.
For reading performances, 27% of patients had no difficulties, 34% had moderate difficulties and 40% had severe reading difficulties. In the writing task, 29% had no difficulties, 36% had moderate difficulties and 35% had severe writing difficulties.
Among those who had not been absent from school at any level, 9/36 (25%) had severe reading difficulties, and among the seven children who had been absent only at secondary school, one (14.3%) had severe reading difficulties. Conversely, severe reading difficulties were observed among 11/18 (61%) children who had been absent from kindergarten and 8/13 (61.5%) who had been absent from primary school.
The nine patients who had undergone two BMT had missed school more frequently than those who had undergone one BMT. However, their reading performance did not differ statistically from that of patients who had had one BMT, certainly because of the small sample size.
The difference in the incidence of reading difficulties between subjects who had been absent during the initial schooling years and those who had been absent later or had never been absent was significant (P ¼ 0.01). Conversely, writing difficulties were apparently not linked to absence from school or to other factors. Finally in this population, the duration of absence from school was not significantly associated with academic achievement.
Discussion
The present study evaluated neuropsychological functioning in 76 long-term survivors of a childhood extracranial tumor treated with high-dose chemotherapy followed by autologous BMT. Its main objective was to determine the impact of high-dose chemotherapy on intellectual functioning.
In the literature, intrathecal chemotherapy (ITC) had been singled out as being deleterious, 5, 6, 7, 29, 30 especially when associated with cranial radiotherapy. 14, 31, 32 In our population, only seven patients with non-Hodgkin's lymphoma had received ITC, and their performances did not differ from those of patients with other diagnoses. However, caution should be exercised since the size of our population was too small to rule out the possibility of a difference in outcome after ITC linked to the initial diagnosis.
Most studies have failed to establish a relation between systemic chemotherapy and cognitive deficits.
14, 33 Moor et al 11 found that attention and memory domain scores were slightly lower in the group that received intravenous chemotherapy (IVC) than in the ITC group, but the difference was not significant. In a small series, Prassopoulos et al 10 also showed that IVC in children treated for an extracranial solid tumor led to brain atrophy in 50% of patients. In the present study, no significant effect was observed for the drugs used at high doses. However, our patients were not compared to themselves since they did not undergo neuropsychological evaluation before their treatment. Consequently, the absence of an effect of highdose chemotherapy on intellectual performance is not demonstrable. Nevertheless, overall, these results prove that these children have test results in the average range for global intelligence, verbal and visual memory and academic achievement. This finding is consistent with results published by other teams for children treated with BMT without TBI. 1, 2, 3, 18, 34 Currently, there is no consensus among studies regarding cognitive sequelae following BMT with or without TBI. Smedler et al 3 and Arvidson et al 1 showed that irradiation was the sole developmental risk for recipients of BMT under 3 years of age (notably for attention, memory, strategy and perceptual skills). Conversely, Phipps et al 16 and Kramer et al 34 found no difference between patients who received TBI and those who did not. They did however indicate that the risk of cognitive impairment was increased for children under 3 years of age, regardless of whether TBI was included or not in the conditioning regimen. Other teams did not observe cognitive impairment after BMT even with TBI in the conditioning regimen. 13, 18 In our population, children under the age of 3, at the time of BMT, had no global intellectual impairment as compared to older children. Their reading performance was better, probably because they had not been absent from school. Indeed, they had undergone treatment before kindergarten. Their verbal memory abilities were also better, but they had greater visual memory and visuospatial difficulties than older children. These findings could signify that visual memory develops earlier than verbal memory and this may be linked to the earlier development of the right hemisphere, which supports visual abilities. 35 Today, the recognition skills of the newborn are well known, 36 but it is difficult to evaluate verbal memory until an infant is able to speak. However, Bates et al 37 claim that there is a peak transition in both neural and behavioral development at around 8 or 9 months after birth that gives rise to a number of language-related skills. The proportion of children with an impaired FSIQ and VIQ (o75) was higher than in the general population. The mother's educational level appeared to be an important risk factor for neuropsychological impairment, as already demonstrated by two other studies. 38, 39 This is consistent with the importance of the environment and stimulation for intellectual development. With respect to educational level, the population of children studied is representative of the whole French population. Consequently, the educational level cannot account for the 17% of individuals with an impaired FISQ.
An auditory deficit was not significantly linked to an FSIQ below 75 either, even if the proportion of FSIQ below 75 was linked to the proportion of VIQ below 75. Consequently, none of the factors studied alone were able to explain the distribution of the FSIQ.
A hearing deficit because of previous administration of cisplatin is a major risk factor for defects in verbal performance. 8 Clearly, children with a marked hearing loss in the speech range may have difficulties in developing verbal skills. Physicians should be aware of the potential consequences of hearing deficits, and envisage specific follow-up measures for children who have received cisplatin.
However, the tests performed showed no other deficits because of cisplatin in short-term memory, verbal conceptualization, or attention among children without a hearing deficit, as previously observed by Troy et al 8 . In our study, age at BMT appeared to be a strong risk factor. A young age at BMT appeared to be correlated with visual memory and visuospatial deficits and an older age may be associated with verbal memory difficulties. However, the effects of age at BMT were not significant when age at neuropsychological examination was partialled out. As age at BMT and the post-BMT interval had opposite effects on the parameters tested, it is plausible that these effects were neutralized when pooled. It is also possible that the memory tests were more demanding for older subjects in the verbal field and more demanding for younger subjects in the visual field. The likelihood of such potential biases prohibits any definitive conclusion about the impact of age at BMT on memory. Nevertheless, it is noteworthy that the negative effect of age at BMT on embedded figures and the positive effect on reading performance remained significant in the subgroup of children treated before 3 years of age, when age at neuropsychological evaluation was controlled. In addition, perceptual field, appeared to be particularly fragile in young children. 1, 3, 4, 34 We discerned reading difficulties among children who had been absent from kindergarten or primary school. These two periods are critical for learning and our findings emphasize the importance of providing academic support for children during hospitalization. Absence from primary school does not appear to be a surprising reason for subsequent reading difficulties, but the link with kindergarten is less clear. However, a study has already shown that academic achievement of children in primary education increases according to the time spent in kindergarten. 40 Mulhern et al 41 found lower VIQ, mathematics and reading achievements for children who had been absent from school for more than 60 days from diagnosis to the completion of treatment. In our study, duration of absence from school was not significantly correlated with school achievement probably because different types of remedial classes were offered to children during this period (at home, at hospital).
Conclusion
Overall, long-term survivors who have undergone BMT (at least 5 years earlier) without TBI do not develop major neuropsychological sequelae.
In the literature, the deleterious effects of TBI on cognitive deficits remain controversial. Conditioning regimens without TBI are not associated with intellectual impairment or difficulties in social adaptation. On the contrary, all the individuals in the study population who became adults have found a job or are continuing their studies.
Nevertheless, clinicians must be attentive to the risk of deafness associated with the administration of cisplatin because of repercussions on verbal skills.
Long absences from school must also be taken into account. Indeed, academic structures in the hospital or at home must be set up so that children can be helped to maintain cognitive scores commensurate with the standards of their age group.
